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FUR THER C~SERVATIONS C~I TRANSITION IN A PIPE
H

Y. Rubin ,I. Wygnanski and J.H. Harltonidis*

School of Engineering , Tel—Av iv University

ABSTRACT

Fully developed Poiseuille flow in a pipe was artifi-
cially disturbed at x/D : 1400 and 1700(Re<14000. Puffs and
slugs generated by the disturbance were identical to the
structures observed when the flow in the inlet region under-
gone transition (Wygnanski and Champagne 1973) . Since the
disturbance was sufficiently strong to cause transition even
at low Reynolds number s the appearance of either puff $ or
slugs depended on the Reynolds number only. Velocity meas—
urenents in the pipe were taken with rakes of hot wires using
digital acquisition method s and in this way each realization
could be observed in its entirety . The coherence of the
large structures was studied in radial and azimuthal direc-
tions. Puffs and slugs generated by the disturbance were
mapped and found to be identical to the structures observed
at the inlet region of the pipe . It was established that a
slug which has all the attr ibutes to a fully developed turbu-
lent pipe flow is generated by a coalescence of puffs . The
puff , which seems to contain a ~nal l nunber of toroidal ed-
d ies appears to be a fundamental coherent structure in a

• fully developed turbulent pipe flow. Pr ev ious observations
which were based on a single— point measurement and ensemble—
averaged data did not reveal the full structure of the puff
in the sane detail as the present techniques . Single rea lt—
zatlons were a~alysed showing instantaneous velocity pro-
files , vorticity perturbation contours, as well as stream-
lines moving with the structure . Artificially generated
succession of puffs which were allowed to inter act , closely
resembled a slug. The evolution of a slug from puffs was
thus established .
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I NTR ODUC T ION

Recen t ex periments in turbu lent shear flowa ind icate that

the large coherent structures observed might sometimes have

their origin traced to the trans ition reg ion . Two ex amples may

readily be given~ t

1. A portion of ~ transitional spot surv ives In a fully

• developed turbulent boundary layer for a long time , during

which it travels more than ~ hundred boundary layer thiciciesses

downstream .

2. A quasi two—dimensional vortex generated at the initi-

ation of mixi n g  mainta ins Its identity in a plane mixing layer.

Thus the understanding of the transition process and and

ensuing large turbulent structures may be of vital importance

to the understanding of turbulent shear flows.

i Fully developed turbulent pipe flow , which is so similar

to a turbulent boundar y layer develope s from turbulent struc-

tures occurring during transition . Natural transition in a

pipe is dom inated by the quality of the flow at the inlet . In

a carefully designed inlet , transition occurs at Re >i~~
h1 

with

laminar flow being observed even at Re:10 . When the flow

entering the pipe is turbulent and the Re < 2000 the turbulence

1~
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will slowly decay , when the Re > 2000 new puff— like coherent

structures are fbrmed in spite of the existence of background

turbulence , (Champagne and Helland 197R) and presunably suff I—

ciently far downstream the original turbulence entering the

pip. decays entirely while new turbulence char acteristic to the

pipe has developed . At 2000 < Re < 2~O0 the flow in a amooth

straight pipe is only intermittently turbulen t even when it is

fully turbulent at the inlet • The turbulent structures ob-

served are referred to a s puffs and wer e mapped in detail by

Wygnanaki , Sokolov end Fr iedman ( 1975). The equilibritsn puff

is a comparatively well, defined structure in statistical terms

and it maybe a basic build ing block in a fully developed turbu—

• lent pipe flow.

_ _ _ _ _ _ _ _ _• Reducing of the level of the disturbances at the inlet

while keeping the Reynolds nunber constant , results In the di— 
~~~~~Ar~~

’

sappearance of the puffs and a return to laminar flow. At Re > Justification___________

2600 transition again occurres but it seems to originate dif-

ferentl y. Perturbations appear in the accelerating boundary Dtstri~t~ti~nL -~~~~~~~~~~

layers associated with th. inlet region and grow until the en— —~Y P  ~~~~~~ “.
“ •

~~‘:‘ _

LaU tr ’~ ,.oi’
tire cross section of the pipe becomes turbulent. Whenever the Diet ~L,oc tt1

flow in the pipe was only intermittently turbulent the struc-

tures observed were referred to as slugs . The length of the

slug is compar able to the length of the pipe and th. str ucture

of flow in its interior resembles fu lly developed turbulent

pipe flow. Consequently, a slug is a much more complex ent ity



thai a pu f f .

Since the early ex per iments of Reynolds (1883) the inves—

• tigation of natur al transition ~.n a pipe was mostly related to

the Inlet region which is not 35 easily defined as the fully

developed flow downstream . The 3ttalmient of a fully devel-

oped , laminar pipe flow even at moderately low Reynolds nunbers

Is rather d i f f icul t  because the length of t~~ inlet reg ion is

proportional to on the Reynolds nunber . The purpose of the

present experiment is to perturb a fully developed laminar pipe

flow and observe the ensuing turbulent structures . It was

hoped that experiment will reveal the constitution of a large

• eddy generated in fully dveloped pipe—flow and establish the

possible relationship between slugs and puffs . It was conjec-

tured that slugs might have been created by an amalgamation of

puffs after they spl it , grew , and joined again together ; hut

the actual proof of the process was lacking.

A PPARA TUS AND IN STRUM ENTATION

The basic flow apparatus was described in an earlier work.

The disturbance was generated by snall jets emanating Iran two

sources diametrically opposing one another and having a diane—

ter of 2 rmi each. The nozzles are located at x/D 1400 where x

is the distance from the inlet , and D is the diameter of the

• pipe . In absence of the disturbance the profile is parabolic

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ___
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for Re < 5000. This roughly agrees with the Atkinson Goldstein

criterion which requires that the parameter x/D Re > .08 In

order that the flow will become independent of the downstream

distance . The jets were produced by a loudspeaker activated

by a clipped sawtooth signal . The leading edge Qf the signal

caused a membrane of the speaker to contract rapidly and pro—

• duce the jets ; the trailing edge of the signal caused the mem-

brane to withdraw slowl y to its original position. The flow

disturbance , near the jets was initially monitored and and

found to consist of a large single velocity spike foilowad by

snail amplitude , decaying oscillations not exceedIng 10% of the

amplitude of the spike.

The streamwi se velocity component was measured with a rake

consisting of 9 hot wire probes positioned radially between the

centerl Inc of the pipe aid the wall.  All rake measurements

were made at the ex it plane of the pipe 500 diameters downstre-

am of the inlet and 100 diameters from the distubance.

The wires were evenly spaced with wire tb . 1 , hal f a
• millimeter away frcm the surface and wire tb. 9, on the

center—line . The array of sensors permits the measurement of

an instantaneous velocity profile across the pipe , and a par-

tial reconstruction of the flow field in its entirety rather

than in a statistical sense . The signal from each wire was

processed digitally by transnitting it via a 12 bit analog to a

___ -•
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digital converter to a mini computer . The data was sampled at

the rate of 14000 points per second per wire and was recorded on

a digital tape for further processing . The sampling rate was j
more than adequate since -all turbulent fluctuations were found

to have negl ig ible energy at frequencies higher than 1000 Hz.

Each data record consisted of 9 channels sampled 14600 times,

for a total size of 141 1400 1~ bit words. The tape records

served to reanalyze the experimental results using conventional

statistical techniques.

RESULTS

The first observations were aimed at establishi ng the

makeup of the turbulent structure evolving Iran a momentary

• disturbance located in a fully developed laminar pipe— flow and

relating it to the structures observed by disturb ing the flow

in the inlet . A record of the streanwise component of velocity

obtained by the 9 wire rake is shown in Fi re la and lb. The

abscissa in this figure is time , rendered dimensionless by

using the bulk velocity and the diameter of’ the pipe. The ori-

gin coincides with the trailing inter face of the structure on

• the centerline of the pipe . Prov ided the interface moves with

the bulk velocity as it does in the case of’ the puff , the

abscissa will represent a distance measured from the trailing

interface . The ordinate rep resents a velocity perturbation

relative to a parabolic pr ofile • Each trace was recorded by a

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
••
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different sensor in a radial arra y , thus the nunbers on the

left — hand—side of Figure 1 Indicate the location of the sensor .

The traces of the velocity s1own were taken at Re = 2200 and

are similar to the traces sho wn by Wygnanski , Sokolov end

Frie ~nan ( hencefor th referred to as WSF) for the equilibri un

puff . The velocity history sho wn in figur e 1 b were prod uced

by the sane disturbance but at Re 3500 , this velocity histor y

• is rem iniscent of the slug ( see Wygn ans ki aid Q~anpagne 1973).

The fact that two different str uctur es result Iran the sane

perturbation indicate that they depend critica lly on Re ynolds

nunber rather than on the details of the perturbation , as long

as the latter exceedes a thr eshold level which is capable of

generati ng turbulence .

Although the velocity histories shown in Figure la are

r eminiscent of those observed in a puff , detailed comparison

between the two structures can only be made by using statisti-

cal method s . Ensemble — aver aged time record of the stream-

wise velocitj fbr different red Ia 1 locations is shown In Fig—

• ure 2a. Two hundred events constitue an ensemble • The trail-

ing In ter face of every event as detected by wire No.9, ( located

on the centre line of the pipe ) was aligned by shifting an en-

tire velocity record along the time ax is , implicitl y assun ing

that the traili ng inter face has en identical shap e fbi’ all re-

aliut ions aid the jitter in the time of arrival of the inter-

face at the measuri ng station results fran variations in the

_____  •~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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velocity at which the structure is convected . Repeating the

process on the seine two—~vndred events but al igning the data on

the basis of the inform ation gathered from wire tb . 3, located

at r/R 0.72 — yielded somewhat different results (Figire2b).

The velocity records shown in Figure 2a exhibit strong accelar—

ations near the turbulent — non—turbulent interface in the cen—

tt al region of the pipe while the records shown in Figur e 2b do

so closer to the sur face . The sneer ing of the data result s

fran the fact that the shape of the inter face var ies fran one

realization to another and the aligment procedure accentuates

the flow features in the vicinity of’ the reference probe .

However , the ensemble - averaged velocity record for wire No.

9, in Figure 2a and for wire tb . 3 in Figure 2b are essential —

• ly identical to the corresponding records presented by WFS. It

was conclud ed that the turbulent structure resulting Fran dis-

turbing the filly developed Poiseuille flow at Re = 2200 is no

different Ir an the structure resulting by disturbing the inlet

flow. Assuning that the flow is ax isynretric , and the puff Is

in a state of equi libr iun a streamline pattern in a franc of

reference mov ing with the trail ing Interface was calculated

(Figure 3a) . The data from fig.2a was chosen for this purpose

and in spite of the fact that WSF alinged their data at each

measuri ng station , shape of the streamlines obtained is similar

to the pattern shown in Figure 10 of WSF. It appears that the

ensemble-averaged flow pattern in a frame of reference moving

with the puff is not very sensitive to the aligoment technique

—_  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .•~~~~ • •  ~-~J•.~•_~-_ •~~~~~~~~~ •• ~~~ ~~~~ 4



PAGE 9

• although sane infor mation must have been lost by the aver aging

process . The individ ual r i l izat ion contains more edd ies than

shown in Figure 3a., because the two l arger regions of recircu—

lation result f~-om the fact that the puff is embedded in a lan—

m a ’  flow. One cai al so compute the perturbation of vorticity

relative to the laminar flow from the data shown in Figure 2a.

This Is done by assuning that u/ r is much larger than v/x

where v is the rad ial component of velocity and x being the

distance in the streamwlse direction . PosItive nunbers in Fig-

ure 3b , impl y that the vorticity in the laminar flow exceed s

the vorticity in the puff while negative nunbers imply the op—

• posite . We thus see that the appearance of turbulence is asso-

ciated with the transport of vortic ity towards the sur face of

the aipe . The anal ], insert in the left—hand corner of Figure

. b shows schematically the lantnar and turbulent velocity pro-

file associated with transition in a pipe . The shaded region

in this insert ind icates the radial location corresponding to

positivie perturbation contours- of vorticity. The strongest

perturbation in vorticity corresponds in time to the concen—

trated shear area near the trailing edge of’ the puff and thus

is related to the single toro idal eddy observed by the WSF .

Cbviously , the center of the rotating stream lines does not

correspond to the contours of max imun vortic ity perturbation

• (see also Hama 1962), nor dc~s it correspond to the max imun

turbulent intensy (WSF) .

~ 

~~~~~~~ 
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In ord er to establish the similarity between puffs and

slug s at similar Reynolds nunbers the flow was disturbed at Re

= 2600 and the resulting perturbation in velocity was again

sampled and ensemble av eraged . Results shown in Figure L~a

were obtained by align ing wire ~b. 9, in the s~~e manner as it

was done in FIgure 2a , . The velocity perturbation near the

trailin g edge of the slug is very similar to the velocity per-

turbati on near the inter face of a puff , in fact the flow over-

taking the interface deccelerates very rapidly and then accel-

erates again prod ucing a local spike in the ensemble average

velocity record . The velocity thea remains constan t over most

of the duration of the sl ug slowly accelerating near the lead-

ing edge in ord er to attain the laninar velocity prevailing in

the central reg ion of the pipe . It is suggested that the vel-

ocity perturbation near the trailing , and lead ing edges of the

slug is also similar to the velocity perturbation in the puff

The cenral region of the slug is different and could possibly

result from a train of puffs which merged together . The con-

stancy of velocity in this region maybe due to the ensembling

process which snears the detailed structure with in the turbu-

lent region . The streaml ine pattern calculated for the data

shown in Figure ~a , with respect to the bulk velocity is shown

in Figure tlb . It should be stressed however , that the bulk

velocity in this case does not have the same meaning as with

the puff where it also represents the velocity at which the

trailing in terface of the puff is convec ted downstream . In

-• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •m
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thi s case the tr~ il inc ~ lnter f3ce of the slug moves somewhat

slower while the lead ing portion 3f the slug moves a faster

th an the bulk ve locit y , the differences however , are not lar ge

because of the simil ar i ty  of Reynolds nun bers at which the

measurements were taken . By remov ing the central portion of

the streaml ine pattern and patching the patterns near the tra-

iling and leading interfaces of the slug one obtains a flow

field which is ver y si~n !lar to the flow field in an

ensemble—aver ag ed puff . This is another indication that the

puffs and the slugs in transitional pipe flow are related

Aft er establishing that the interfac e reg ion of a slug re-

sembles the str ucture of the ensemble averaged puff we shall

endeavour to explain the mechanisn by which slugs can be gener-

ated when fully developed Poiseuille flow had been disturbed at

Re > 2600. WSF observed that a sir.~le disturbance of’ short

duration when applied at the inlet of the pipe resulted in a

single turbulent structure when Re was either less than 2300 or

more than 2800 . In the range 2300 < Re < 2800 a single pulse

applied to the flow at the inlet could result in a nunber of

puff like structures further downstream . At x/D 500 the

average nunber of puffs seen at Re:2600 was about U , and their

length was not identical . Although some ind ividua l puffs were

observed to grow , the ir rate of growth was too anall to cause

genuine transition to turbulence; splitting of’ individua l

puffs , foll owed by growth and reca’nbination was conjectured to 

— -- —----.
~ 
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be the predominant mechanism of transition. We should first

endeavour to show that recombination of p.iffs gives rise to the

larger slug—like structure . The ensemble— av er aged velocity

records, streamlines , and vorticity perturbation shown in Fig—

ure 5, wer e obtained at x/D 500 when the fully developed lam-

inar flow was disturbed by a single pulse at x/D = L100 at Re

2550. (bserving the ind iv idual realizations on an oscilloscope

suggested that splitting have occurred , but since the distance

between the location of the disturbance and the measur ing sta-.

tion was only 100 diam. multiple splitting of p u f f s  was rather

rare ; only t~~ puffs in tandem wer e most frequently observed.

The results shown in Figwe 5, represent 200 consecutive events

without any preselection or classification . Naturally the

splitting mechanism which is not contro lled by the initial per-

turbation does not occur at the sane t ime and location in the

pipe causing the leading puff to be smeared by the averaging

process . One could refine the aver aging by correlati ng each
— individ ua l realization with the pattern shown in Figure 5a and

reclassify sane of the events , but a much simpler method show-

ing the coalescence of puffs into a slug was found . Red ucing

the Reynolds nunber to 2200 (j ust pr ior to the occurrence of

the natural splitting) t~o consec utive perturbations were In-

troduced into the flow ; the time interval , t , between the

per turbations could easily be adjusted prov iding var ious de-

grees of tnterferenoe between adjacent puffs . At long t ime in-

terv al s t~~ Ind iv idual puffs were observed, when t was red uced

- - - -- --- — —-- --- --—- —~--- —-—~~~~~~~
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to 610 msec the structures started to inter ac t at the measuring

station . The first puff in the train appeared to be shor ter

and the velocity in the central region of the pipe did not a l—

ways recover to its unperturbed value .  By determin ing the lo—

cation of the trailing inter lace of the second puff and ensem—

bling 200 events together the resulting streamlines and vorti—

city perturbations still maintain sane of the character of the

ind ividua l puff’ (Figur e 6) . ~bwever , the perturbation of the

flow near the leading structure is weaker than near the second

stucture in the train . Ihorten ing the time interv al between

the disturbances to 32~~sec ., at the sane Reynolds nunber

causes stronger interact ion , between the adjacent structures

(Figure 7) .  In fact, the trailing edge of the first puff is no

longer clearly distin gui shable in most individua l real i zations ,

let alone in the ensemble shown in Figur e 7. The ensemble

averaged velocity hi story shown in Figur e Th are al re~ 1y resem—

b u g  the results obtained for a slug (Figur e 4a) . There is

however ver y strong resemblance between the results shown in

Figure 7 and the results shown in Figure 5, for the natura lly

split pu ff . The similarit y app lies also to stre amlines and

vorticity perturbation contours . It is obv ious that the mean

flow at the border between the t~a turbulent structures no

longer recov ers to its laminar value .

9ior tening the time int erval between the adjacent distur —

bar toes below 200 mseo results in the appear ance of a single

- ----~~~~ —
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1’ 1’V~) 1tre t ar s downstream fran the oert~jrbatlon. In this

re”rect ‘ ie iitc~rac t~rw~ puffs ire ~~milar to the ~rrny of tran—
- t~n~1 ~rots a t .~~n1ary layer whL~’h ~tv~ rise to the uiiv—

•~r~-’l , lovv-ith m ic velocity pr ofile , aftc r they ~re allowed to

~it~ra -t for ~~fti~ i~,nt ly I orv~ time. ~e m’~y c~oncluia then that

t~’e ,iergin-~ of puffs r esults in the “eneration of slugs ~M—

i~’ver transitic~n oocur~ in the fully dcvrloped Poiseuille flow

An independ ent verification sug~estinq that the slug is no

nore than a train of puffs after they mer’~ed - together can be

o~”~ained by measuring the leng th of the sl~~ . Since we have

r’n contro l over the splitti ng and merg ing process tPw’ varistion

in t-h~ ‘Lenc~th of the slug depend s on the nunber of pt’f’ts in the

‘r ain . ~‘ince the length of the puff corresponds roughly to 25

- ‘1’- meter s , b-~~nr e it is stron gly inter ac ted with other puffs in

~ s vicinity , ‘- he length of slugs should roughly vary by quan—

~~~ ju’~pa of 2~ liameters. A histogram showing the variation

in the length of slugs generated at Re - 10 ,000 by a single

listurbanne ~t i/O a ~ 1~fl and observed 10) diameters further

‘t~wnatre~n is shown in figure q, • In spite of the anr’ll

• mbsr of e”cnts , 200 in all the histogr am has obv iously t~~
cs~~ which arc ~ipprox i’netely 2~ dianetera apart . Th ua, it

‘~ould ~~peer that most slugs contain an integer nunber ‘of puffs

It should be stressed however that whenever t-i distance

betwien the orig in of the disturbance and the measuring station

_ _ _  -- ----—“
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was much larger or the Fpyno lds nunber was lower it was more

liff’icu lt to ob serve the quant ua ju np in the length of the

puff . , because the latter conta ined more pu ffs in its hold

and the ratio betwee n the length of the puff to the length of a

slug became less significant.

A more detailed comparison between the str ucture of the

puffs and the.slugs , can qnly be made by ex am ining ind iv idual

realization s , since too much infor mation is lost by the aver —

aging process Th~ stre aml ine patterns in Figure 9 correspond

- 

- to the velocity records shown in fig . La and b , . Before ca] —

culatin g the stt’eamline 5 , the velocity record s were filtered

in order to ci imii ate some of the Pugh frequency fluctuations,

and observe mor e1 clearly the large scale edd ies in the flow.

The stre aml ine a wer e calculated assuning that the flow is axi—

syninetric at every instant , this is much too restr ictive an

assunption wh ich is not expected to be generally valid . , and

its inadequacy reflects itself in a fact - that sane streaml ines

shown in fig 9a in tersec t the wall of’ the pip e.

This of course is unacceptable on physical grounds and it

results from the presence of azimuthal fluctuations.

Nevertheless the gross behav iour of the streamlines shown in

Figir. 9a resembles the shape of the streaml ine- pattern shown

in Figure ~ tar the ensemble averaged puff . The pattern con-

tains however , much mor e details wh ich are not hampered by the
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~~~-~~in~ p--~c~ss , the puff ceens to contain tt.~ large vor—
:- ~~

--
~~ ~z~—-r ‘1 to be toroid p’ and extend ing from the ‘~ ll to

about half t~e rr~ ius . The 3hear between these vortices is

~-vpect~d to ba stron-~ resulting in a vigorous prod uction of’

;urju~enc~’ - T~’~ Duff appears to contain however three or four

iore e’ld ies ~Mc do not prod uce as strong a perturbation to

the flow. ~‘-r~amlines calculated fran Figure lb and shown ~.n

Figure 9’, ~‘r1tcate that thth ‘~ rticular realization conthins

four pairs of c unter—rotatir.g vortices . Each pair could ea—

sil.y b~ id entified with the reg ion of high turbulent activity

%7l thi!-I ‘-
~~~ .~!.ug . It is conjectt~red that each pair of vortices

wa~ orig tn~- ’ly associated with a puff and a nunber of such

pufft v~r~~d to’ether to produce the struc ture observed in Fig-

ure lb. Figt~re lOa and b , sho-t~e the vorticity perturbation

contours for th~se t~~ events . It is obvious that the strong—

~st pert irb a ’ ion in vorticity is associated with the large vor-

tices observed . Although most of the negative vorticity per-.

turb~-ti c~r occurs near the sur facc of’ the pipe , the contours of

positive perturbation in vortic ity correspond roughly to the

centril corfl of the vorttccs 5b0t.ln by t~w enclosed str ~~”nlines .

Ifl3t~n~~,e1oU3 velocity profiles ~:er e cross plotted fran

the velo~I ;y record s shown in ~1gire “- . Thirty four profiles

evenly ~ pi~~r~d , and spannint~ in time th~ entire slug are shown

in Figure 1 la , the time span correspond s to the ari ow mar ked at
• the bottom of FIgure lb. Each pr file is compared with the

~~~
~
- --- -

~~~

‘.

~~~~ —--— 
—j--— —j— — ~— ~~~~~ 
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t r ~~ r - . ‘
~ ‘t tv pr fide t ’x is t i r~ in the ‘low in ~bsence of th~

• r—-’ t :~ D~ in •~~-‘r ~.~iot th e  icy i i t  ~~i i f’r ’ ~~~~ f~ç~y

cw~d be ‘isi’ v t l l ~-~’-:~-~.i . li e  t’i r’-~t. ‘n’1 h~ I ~r~ t’tl~~ ~
Fi- ~ re 11, dev i-ite l i t t l e  from the u~pertur~~d flow. The velo—

c i ty  pro files in the inter ior of the slug t-r~or -t times no re—

se’~bl ’ince to the lonq time av eraged flflty cievelopel ~urbuient

~-~
1
~ etty pratile. Profiles ~— 11~21 22 , are fa i r ly  flat ~er’ss

of the ero~~ section of tha pipe . The ~-hsence of me3n

• shear in the ctmtral region of the pipe maybe correlated to the

absence o: h i h  frequency fluctuations ~t the particular ~cca—

‘- tor in th’ ~lug. ~“ome other velocity profile.~ ~notablv 1’,

~r 
~~‘~~~~~~ V~~V.? ~~e1r max ima closer to the surface of the pipe than

1.) : -
~~
‘ ‘*-‘r t -r ir.e. ~ther profiles may have ~~~~~~~~~~~~~~~~~ inf l ec-

t ’ w ~~irt-~ it various ralial lacations in the pipe . Exp~nd1n~

t”e t1~e scale by a factor of’ S starting with profile nunber ~~,

‘ tc i tar .t arv—’otis ve locit i es near the lc~d ing edge of the slur

ar’ aho~i tn 5 i  ~ur’ flb. Alth~u’~h the t ime span bet r~n

~‘cit ~rofUes  th tht~ ft~ure has been reduced to q msec . the

rapil changes in the shape of’ the velocity profile het’ ’e~n con—

secutive reauzattons was quite surprising . The cause of these

chanqes ‘nay b~ ~tt r1huted in part to the lac k of axial syn’n~etr y

and stronq ~zi~ uth a1 fluctuations . In f~ct , the shad ed ~r eas

n Figure h a , ind icatIng an excess or a defect of’ velocity re—

;‘tj v ~’ to ‘h-’ uip~’rtt -” ht’~! 1vn jn nr flow , ~r~’ -
~~
‘
~~ 

e~iu;’l for each

ai’l every pr ofi 1e , thus , If ’ one wer e to ualculate the tnstan—

tnnc r u~ ‘nass f1~ -~ on t’e harts ~ t P~~’~~ ’ rr.’r~ 1 ~~~ ~~~~‘ t~auL1  ‘~on—

i f

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~~~~~~~- - _ _ _ _ _
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ude that it cP~ n~es violently. This is of course not the

- se but simply ~n ~n~-’ icat on to the lack of’ 5x 131 sy~netry and

‘he differe rt -es between adjacent velocity profiles plotte ed in

Fig-re l I b  maybe due In art to azimuthal flow. The quiesent

region downstr an of the leaiir€ interface is ex enpl i fted by

veloctty ~)rofiles ~k~1ch are fairly uniform in the rad iad direc—

t im over most of’ the pipe cros.s sect ion . The variation

between xl acen t p r ofiles in the tower part of Figt .re 1tb is

rather ~~~~~ It canes then as no surprise that the turbulent

activity wL.’~in a slug is concentrated in bwst .3 of short dtrs—

tion. The behaviour near the ~~~ l~r~ edge of’ the slug is not

much ~tfTer-”~t from the , behav iour near its lead ing edge.
• Furthe rm ore - one may observe a oer iodicity In the velocity pro—

files ~k~ich span the entir e dtration of the slug and ar e shown

in Figur e ~la . This observation is consistent with the idea

that the slug contains a limited nunber of’ puffs in its hold .

The instan~aneous velocity prof I les in a puff are exan ined at

Re: r’O() in order to reduce the effect of high frequency flue —

tuat ions ex:st ing at higher Reynold s nunbers . The velocity

hist ories shown in Figur e 120 were cross plotted fbr this pur-

pose . In a laboratory franc of’ refer ence the appro aching putt

is ma’ked ~y decceleration fluid in the central region of the

pipe , ar d the concuan itant acceleration at r/R > 1 ) 5  ( Figure

- 
12b ) 

• The velocity pro files in the l ead in! region of the putt

resemble the profiles in the quiesan t period of’ the turbulen t

slug. C~- ly near the trailing edge of the puff ’ strong seed er.—
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‘- Lois ca~i be Iful uced fr an the rate at which the velocity pro—

f~’~ ~~nges ~t a “hap e bctween successive realizations . (Ju ’t

b-jn “ re~m of th~ l x,stion of’ the trailing edge of the puff ’ ii

the eentral cure of the flow the velocity profile contains usu—

all y one inflee t~on point at r/R =

Thø velocity profiles sho~~ at the bot tom right of Figure

12t~ ~an result Iran a quasi axissymetr ic edd y mov ing with th ”

tr~ &Un g in ter face. The eddy suddenly breaks down at r/R = 0.3

owl at a time corresponding to the location of the traili ng in—

terf~ce at that rad ial position . A spike in velocity ensues at

r/ P 0.3 ia in a,~r eenent with the location of’ bre nkd own in a

botr1~ry lQyer und .-~rgoin g transition . Another azymuthal eddy

seems to be form irI~ n’~~’ the surfac e of’ the pipe after the oc-

c~rr ~ne~ of br e’ak-iown. Thus , it is quite possible that in a

fr ~ne of referen ce mov ing with the trailing interf ace of the

“i ’f” , the eddies are fbnn ing ne’~r the surface and growing into

the central portion of the pIpe . An eddy located near the sur —

fr ’e ml’ the ripe at the tr~ iling edge of a puff should distort

the ahepe of the traili ng edge provided The eddy is contained

In the turbulent relion -,f the puff . The shae of the trailing

ec’g’~ of a puff ~ :lif’feren t re aliv~tions is shown in Figure 1~ .

The tr~tling 1nte’rf’.~ce sweeps back Iran the centerline of the

pipe. ho~evcr at an inte rm ediate radial location , most often

encoirtered at r/ q 0.75 the direction of the sweep back

chrngea . The “~rtat ion in the shape of the trailing inter face

~ 

-~~-~~~~-~~~~~ ----~~~~ • -~~~~~~~~~~ ~~--~~~~~~~~~~~~~ •
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fr-~-rt one realization to another is quite large as ‘naybe ob—

ser-r’I from Figure 13. and the hunp in the profile of’ the in—

terfoce r u ’  be associated with the location of the l~r~e eddy

nur k~ng th~ bouidar y of the turbulent puff ’ . Additional obser—

vati ons of the puff at a low Reynold s nunber are neceas-~ry in

order to det~’rm tne the constitution of’ the puff more precisely.

A rough ~‘3sesanent of the axial syninetry of each individu-

al reeilizatioi can be made from the osciloscope traces shown in

Figure h i ,  row hot—wire sen sors located ~t r/R = 0.9 and sep—

ar’tM by an ~zyrn utha l angle of’ 90 deg . were placed at the

ex it plane of ~~e pipe and monitored on an osciloscope. It ‘nay

be seen that t’~te puff, the slug and the split puff are basical-

ly axissyninetr i~ in their structure. There are however many
• Fnperfections ~s the l arge eddy constituting the puff’ may be

quite corrugat~v.1 and sometimes even skewed relative to the ex !.t

plan ’~’ of the pipe. The bottom trace in Figure P1 was taken on

the centerlinr ii order to show that the other three traces

correspond to a puff n- erg ing with a slug.

CONCLUS IONS

A str o-;g diaturb ance applied to a fully developed laninar

pipe flow ii~ttt ates turbulence in the sane %m y as the distur-

bance in th.~ inhr t region of the pipe. The tr ansitional stuc —

tur e in t”e pipe depend., on their Reynolds nunber. Puffs are

genernted ot Re( 2200 wh ile slugs occur at Re> 2600. The rela —

_ _  

-t
-• - ---  - - - - - _ _• - ~~~~~—~~~~~• •  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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~~~~~~‘--‘- b betw’en puffs r~nd slugs was establ i~he, a3 it- w-’~
-~~~- --~~~ ‘~‘~~l “h-~ ~li~ con~icts of’ ~ n’~~er of puff s -~~~: ~h

•ed t~ y~t ’~r to forrt -‘ lar~er turbu l ’nt st r~- ctt:~’e.

puff’~ constzt ~~~
“ 

~ ~nall nuther of ~rr ~e eddies which -
~ pr- --

d-ri~ ’nt~.v ~J i-”~etric in nature.
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l ib.  Velocity profiles in a slug at Re: 3500( t: 8 msee).

12a. V-~locity history in a single puff at Re: 1700.
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)arge stru~tur ~. was studied in radia l and azimuth a l directions. Puffs and
slugs generated b y the disturbance we re mapped and found to be identical to the
structur ’- s observ ed at the inlet r1gion of the pi pe. It was establi shed tha t a
slug which h.~s a ll the at tr tbu te s~~J a  fully devel oped turbulent pipe flow is
generated by a coalescence of puff s. The putt - , which seems to contain a small
number of toroida l eddies appears to be a fundamen tal coherent structur e in a
full y developed turbulent pipe flow . Previous observati ons, which were based on
a single—point measurement and ensemble —averaged data did not reveal the full
structure of the puff in the same detail as the present techniques. Single
realizations were analysed showing instantane ous velocity profiles , vortici ty
perturbation contours , as wel l as streamlines moving with the structure .
Artificially generated succes sionP5of puffs which were allowed to interact ,
closely resembled a slug . The evolution of a slug from puffs was thus establish d .
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